RecF, together with the recombination mediators RecO and RecR, is required in the RecFOR homologous recombination repair pathway in bacteria. In this study, a recF-dr1088 operon, which is highly conserved in the Deinococcus-Thermus phylum, was identified in Deinococcus radiodurans. Interaction between DRRecF and DR1088 was confirmed by yeast two-hybrid and pull-down assays. DR1088 exhibited some RecO-like biochemical properties including single/double-stranded DNA binding activity, ssDNA binding protein (SSB) replacement ability and ssDNA (with or without SSB) annealing activity. However, unlike other recombination proteins, dr1088 is essential for cell viability. These results indicate that DR1088 might play a role in DNA replication and DNA repair processes.
Introduction
Bacterial DNA double-strand breaks (DSBs) repair mediated by homologous recombination (HR) is initiated through either the RecBCD or the RecFOR pathway. Both pathways provide a 3 0 overhang composed of ssDNA coated with RecA. This overhang permits the subsequent invasion of a homologous strand (Cox, 2007) . In the RecFOR pathway, following end-resection by RecJ nuclease, RecQ helicase and single-stranded binding (SSB) protein, RecF, RecO and RecR recombination mediators were confirmed to mediate SSB replacement and the loading of RecA onto the 3 0 ssDNA strand (Clark and Sandler, 1994; Morimatsu and Kowalczykowski, 2003; Cox, 2007; Cheng et al., 2016) .
The genes encoding for RecF, RecO and RecR belong to the same epistasis group, and the phenotypes of mutants pertaining to these genes are very similar. In vitro, RecR has been reported to interact with either RecF or RecO (Bork et al., 2001; Morimatsu and Kowalczykowski, 2003; Honda et al., 2006) . However, a ternary complex containing all three proteins has not yet been reported and this is most likely due to the competitive binding of RecF and RecO on the toprim domain of RecR (Honda et al., 2006) . RecO exhibits both ssDNA and dsDNA binding activity (Luisi-DeLuca and Kolodner, 1994; Luisi-DeLuca, 1995) . In addition, RecO has been shown to interact with SSB following its removal from ssDNA (Inoue et al., 2008) . Moreover, RecO possesses SSB-coated ssDNA annealing activity, a characteristic that is reminiscent of the reaction promoted by the eukaryotic Rad52 protein (Mortensen et al., 1996 , Reddy et al., 1997 , Sugiyama et al., 2006 . Thus, it has been suggested that RecO might function in RecAindependent pathways. RecF has been proposed to direct the loading of RecA onto the boundaries of single-stranded gaps in duplex DNA (Hegde et al., 1996; Morimatsu and Kowalczykowski, 2003; Morimatsu et al., 2012) . However, RecF has also been widely reported to inhibit RecOR-mediated loading of RecA onto SSB-coated ssDNA (Bork et al., 2001; Hobbs et al., 2007) . In addition, RecO and RecR are capable of promoting the formation of the RecA filament on SSB-bound ssDNA in vitro (Umezu et al., 1993) . Two distinct RecA loading pathways, RecOR and RecFOR, have been proposed to co-exist in Escherichia coli. Progression through the RecOR pathway is dependent on RecO-SSB interaction, while the RecFOR pathway does not require similar interactions (Sakai and Cox, 2009) .
Deinococcus radiodurans is one of the most radioresistant bacterial species due to its superior DSB repair efficiency (Cox et al., 2010) . D. radiodurans belongs to the Deinococcus-Thermus phylum and members of this phylum, which naturally lacks RecBCD pathway, use RecFOR pathway for recombinational DSB repair (Cox et al., 2010) . The RecFOR complex was also confirmed to play an important role in the extended synthesisdependent strand annealing (ESDSA) process in D. radiodurans (Bentchikou et al., 2010) . Deletion of any of the three recombination mediators in the RecFOR pathway results in decreased DNA repair efficiency and growth defects (Xu et al., 2008; Satoh et al., 2012) . Instead of being positioned in an operon that includes the dnaA, dnaN and gyrB genes in E. coli (Blanar et al., 1984) , recF is positioned alongside an uncharacterized novel gene in the Deinococcus-Thermus phylum. This gene is annotated as dr1088 (White et al., 1999) . In this study, we confirmed that DR1088 directly interacts with DRRecF. This protein also possesses strong ss/dsDNA binding and ssDNA annealing activity. DR1088 may also mediate the displacement of SSB from ssDNA following interaction with the C-terminus of SSB (SSB-Ct). This mediation is likely to stimulate SSB-coated ssDNA annealing. To identify the in vivo function of DR1088, a DR1088 deletion assay was performed. However, no homozygous deletion was obtained after several attempts, implying that DR1088 is an essential protein in D. radiodurans.
Results
Characterization of the drrecF-dr1088 operon and the DR1088 protein Blast analysis of the amino acid sequence of DR1088, a novel D. radiodurans protein, revealed that recF homologues are always located upstream of dr1088 homologues in the Deinococcus-Thermus phylum and several Clostridia species (Fig. 1A and Supporting Information Fig. S1 ). In the Deinococcus-Thermus phylum, this operon is a stand-alone operon while the operon is relatively larger in the Clostridium genus as it encompasses dnaA, dnaN and gyrB (Fig. 1A) . DR1088 and its homologues contain a conserved N-terminal uncharacterized domain (DUF721), a putative zinc-finger domain with four conserved cysteines, and a C-terminal uncharacterized domain that exhibits limited conservation (Fig. 1B and Supporting Information Fig. S1 ). However, DR1088 homologues are not present in eukaryotes, archaea or other bacterial strains such as E. coli and B. subtilis. DR1088 is a 35 kDa basic protein (pI 5 10.5) and size-exclusion chromatography showed a single peak (35 kDa), indicating that purified DR1088 behaves as a monomer in solution (Fig. 1C) .
DRRecF directly interacts with DR1088
The co-localization of dr1088 and drrecF in the genome suggests a possible connection between these two proteins. Yeast two-hybrid assays and pull-down assays were performed to investigate the interaction of the DRRecF and DR1088 proteins. To carry out yeast twohybrid assays, the DNA binding and activation domain fusions of each protein were transformed pairwise into a reporter yeast strain. Results revealed a strong signal suggesting DRRecF-DR1088 interaction ( Fig. 2A) . Assays to test if DR1088 can interact with other RecFOR members, such as RecO and RecR, were also employed as part of this study; no interaction was observed ( Fig. 2A) . We also carried out additional in vitro pull-down assays to confirm the DRRecF-DR1088 interaction. His-tagged DRRecF and His-Strep-tagged DR1088 were purified. Saturated His-Strep-DR1088 was subsequently incubated with streptavidin beads and saturated His-DRRecF, along with bovine serum albumin (BSA) as a control. Unbound proteins were carefully washed off and a stable complex was observed to occur between DRRecF and DR1088 with a possible 1:1 molar ratio (Fig. 2B ).
DNA binding ability of DR1088
Electrophoretic mobility shifts assays (EMSA) were carried out to analyze the DNA binding ability of DR1088. According to the results of a native PAGE band shift assay, DR1088 was observed to bind to both 46 nt ssDNA and 46 bp dsDNA, with slightly greater affinity for the latter (Fig. 3A) . Due to the high pI of DR1088 (pI 5 10), the DR1088-DNA complex did not migrate into the gel and remained stacked in the gel well. Furthermore, DR1088 also shifted short ssRNA (20 nt), singlestranded circular DNA (M13mp18 ssDNA) and covalently closed circular DNA (pUC18 plasmid) (Supporting Information Fig. S3 ). The ssDNA binding affinity of DR1088 and DRSSB were compared by fluorescence polarization measurements (Fig. 3B) . ssDNA strands of different lengths (24 nt, 32 nt, 46 nt and 58 nt) were used for these experiments. The binding-model-fit constants pertaining to these data are shown in Supporting Information Table S3 . This analysis revealed that both proteins preferentially bind to longer DNA molecules. The K d value of DRSSB is much less than that of DR1088, especially when long ssDNA molecules (46 nt) were assessed, suggesting that DRSSB exhibits greater affinity for ssDNA than DR1088. The h value for DR1088 was greater than 1.0 when ssDNA molecules longer than 32 nt were assayed, indicating that DR1088 contains multiple binding sites with positive cooperativity on long ssDNA molecules.
DNA annealing activity of DR1088
DNA annealing activity was measured by annealing FAMlabeled ssDNA to partially complementary template M13mp18 ssDNA. The fluorescent signal from the gel was elevated at the M13mp18 ssDNA band position following the addition of increasing amounts of DR1088, implying that DR1088 facilitated the renaturation of duplex DNA (Fig. 4A) . A weaker fluorescent band was observed directly under the major band, most likely the nicked M13mp18 ssDNA. No difference was observed on the gel between the experimental groups and the control group following staining with ethidium bromide, indicating that the extra band was not introduced by DR1088.
SSB-coated ssDNA annealing activity was measured using a fluorescence-quenching assay. Two complementary ssDNA aliquots were labeled with a FAMfluorescent group and a Dabsyl-quencher group A. The structure and distribution of the recF-1088 operon. thc, Thermus sp. CCB_US3_UF1; taq, Thermus aquaticus; ttj, Thermus thermophilus HB8; ttl, Thermus thermophilus JL-18; tpar, Thermus parvatiensis; tts, Thermus thermophilus SG0.5JP17-16; tsc, Thermus scotoductus; tos, Thermus oshimai; mhd, Marinithermus hydrothermalis; dmr, Deinococcus maricopensis; dpd, Deinococcus peraridilitoris; dra, Deinococcus radiodurans; dgo, Deinococcus gobiensis; dge, Deinococcus geothermalis; dab, Deinococcus actinosclerus; dch, Deinococcus soli; ddr, Deinococcus deserti; dpu, Deinococcus puniceus; dpt, Deinococcus proteolyticus; tra, Truepera radiovictrix; hhl, Halobacteroides halobius; aar, Acetohalobium arabaticum; puf, Pelosinus sp. UFO1; pft, Pelosinus fermentans; nth, Natranaerobius thermophiles; sele, Selenomonas sp. oral taxon 478. All of the dr1088 homolog sequences (with E values less than 7 e-11) were obtained following BLASTP searches on the Kyoto Encyclopedia of Genes and Genomes (KEGG) website, and the phylogenetic tree was created by the Phylogenetic tree (UPGMA) program on the same website. B. Domain arrangement of DR1088 homologous. C. Analytical gel filtration assay results. The DR1088 protein was analyzed using a Superdex S75 HR 10/300 column and the resultant diagram was reconstructed using GraphPad Prism software. A protein size standard curve was generated using a mixture of vitamin B12 (1.355 kDa), aprotinin (6.512 kDa), ribonuclease (13.7 kDa), ovalbumin (43 kDa) and BSA (67 kDa). Each eluted fraction was separated by 12% SDS-PAGE.
Fig. 2. DRRecF-DR1088 interaction confirmation.
A. Yeast two-hybrid assays (Y2H) for DRRecF-DR1088 interaction analysis. Yeast cells were transformed with both plasmid constructs (pGAD and pGBK constructs), and selected on two dropout medium plates (SD/-Leu/-Trp). Next, the cells were patched on four dropout medium plates (SD/-Ade/-His/-Leu/-Trp) with 3 mM 3-Aminotriazole (3-AT) and 20 lg/ml X-a-Gal to ascertain whether the AD and BD gene products interacted. AD, pGADT7; BD, pGBKT7; AD88, dr1088 ligated into pGAD; BD88, dr1088 ligated into pGBK; ADF, drrecF ligated into pGAD; BDF, drrecF ligated into pGBK; BDSSB, drssb ligated into pGBK; BDO, drrecO ligated into pGBK; BDR, drrecR ligated into pGBK. B. Pull-down assay for in vitro DrRecF-DR1088 interaction analysis. A 500 ml aliquot of 0.5 mM HisRecF (with BSA as a control) was incubated with 20 ll of His-Strep-1088 prebound streptavidin beads at 48C for 3 h and analyzed by 12% SDS-PAGE. Beads were washed several times with buffer W until the BSA was completely washed off. The beads were boiled and the bound protein was analyzed by 12% SDS-PAGE. Lane 1, His-Strep-1088 with beads; lane 2, HisRecF 1 BSA (input control); lane 3, HisRecF pulled down by His-Strep-1088; lane 4, HisRecF was not pulled down by beads alone. Characteristic insights into a novel RecF-interacting protein, DR1088 521 respectively. The annealing ratio was monitored by observing FAM signal quenching. As shown in Fig. 4B , DRSSB-coated ssDNA readily annealed to DR1088. As DRSSB possesses a much higher ssDNA binding affinity than DR1088 (Fig. 3B) , this phenomenon is not likely to be the result of DNA binding competition. Moreover, when ssDNA was pre-incubated with C-terminal truncated DRSSB (DRSSB᭝C), the DNA could no longer be annealed by DR1088. These results suggest that DR1088 may be able to interact specifically with DRSSB-coated ssDNA through the C-terminus of DRSSB, thereby enabling DRSSB displacement and annealing stimulation.
DR1088 can interact with DRSSB through SSB-Ct
Native PAGE assays and pull-down assays were used to determine whether DR1088 was capable of directly interacting with DRSSB. For the native PAGE assay, the interaction was detected by determining the reduction in the intensity of the band corresponding to DRSSB and the concomitant formation of a new band following incubation with increasing concentrations of DR1088. As shown in Fig. 5A , due to the high pI, DR1088 itself did not migrate into the native gel but remained in the gel well. The intensity of the DRSSB band decreased concomitantly with increasing amounts of DR1088. This resulted in the formation of a new band, which was generated following DR1088-SSB complex formation (Fig. 5A) . No obvious band change was detected when DRSSB᭝C was incubated with increasing amounts of DR1088, indicating that deletion of DRSSB-Ct greatly inhibits DRSSB-DR1088 interaction. Protein-protein interaction was also confirmed by pull-down assay. Saturated DR1088 fused with an HMT-tag [including His-tag, maltose binding protein (MBP)-tag and tobacco etch virus (TEV) cutting site] was incubated with amylose beads and unbound protein was washed off. Either full-length DRSSB or C-terminal truncated DRSSB was added to the afore-mentioned mixture and only full-length DRSSB was pulled down by DR1088 (Fig. 5B) , suggesting that the C-terminus of DRSSB is essential for this interaction.
Moreover, we carried out an assay to simulate the process of DRSSB displacement from ssDNA. A schematic diagram for the procedure is shown in Fig. 5C . After the linkage of the biotinylated ssDNA (5 0 biotinylation), the avidin-sepharose beads were saturated with DRSSB (following incubation) to ensure that all of the ssDNA was bound tightly with DRSSB. DR1088 was subsequently incubated with the DRSSB-ssDNA-bead mixture. As shown in the resultant SDS-PAGE image, Fig. 5C (Lane 3), DRSSB can be displaced by DR1088 from ssDNA. However, a weak DRSSB band was A. The ssDNA annealing activity of DR1088 was measured by annealing FAM-labeled ssDNA to a partial complementary template, M13mp18 ssDNA. The reaction mixtures (10 ll) containing 50 nM O4 (which is partially complementary to M13mp18), flO4 (O4 with a FAM label at the 5 0 end), 42 nM M13mp18, various concentrations of DR1088 (0, 5, 10 and 20 lM) and reaction buffer. After incubation at 308C for 60 min, the reaction was terminated, analyzed on 1.0% agarose gels and imaged using the fluorescence mode (FAM). To ensure that DR1088 did not alter the M13mp18 ssDNA, the same gel was also stained with Ethidium bromide (EB) after fluorescence imaging. B. SSB (or SSB᭝C)-coated ssDNA annealing activity was measured in the presence or absence of DR1088, by fluorescence intensity values assays. Oligonucleotide O1 with fluorescein (FAM) labeling at the 5 0 end (500 nM) and an equal amount of O3 containing a Dabsyl-labeled complementary sequence at the 3 0 end were separately incubated with SSB or SSBDC (2 lM) at 48C for 30 min. The incubated O1 and O3 aliquots were then mixed together and 2.5 lM DR1088 was immediately added. The annealing activity was monitored using a BioTek (Beijing, China) plate reader following quenching of the FAM signal. Fluorescence intensity values were inverted and normalized using the equation: I 5 21 3 (I i -I 0 ) / I 0 , I 0 and I i are fluorescence intensity values at the initial time point and the specific time point respectively. The assay was repeated three times. The annealing curves were generated using GraphPad Prism 5.0. observed in Fig. 5C , lane 3, suggesting that not all DRSSB was displaced. Alternatively, DRSSB may have bound with DR1088 on the ssDNA. In contrast, when DRSSB᭝C was used instead of DRSSB in this experiment, this displacement phenomenon was no longer observed (Fig. 5C, lane 5) .
dr1088 is essential for cell viability A knock-out assay was carried out to confirm that dr1088 is essential for cell viability. To exclude the possibility that dr1088 knockout influenced transcription and expression of associated up/downstream genes, only the central 630 bp of the dr1088 gene (867 bp in total) were replaced (using a kanamycin resistance cassette). However, after several attempts we failed to generate a 'complete' knockout strain. Supporting Information Fig.  S3 shows the three representative PCR results generated from hundreds of heterozygote genomes. Several dr1088 heterozygous strains were selected for further study and they showed both growth defect and increased sensitivity to gamma and UV radiation treatments in various degrees (data not shown).
Discussion
It is well known that genes located on the same operon usually display functional relationships. Thus, the colocalization of the recF gene and dr1088 on the same operon in the Deinococcus-Thermus phylum prompted us to explore the relationship between these two proteins. In this study, we report that DRRecF and DR1088 can directly interact with each other (Fig. 2) . Since DRRecF is an important recombination mediator and preferentially binds to the ss/dsDNA junction (Hegde et al., 1996; Makharashvili et al., 2009) , the interaction between DRRecF-DR1088 suggests a cooperative mechanism during the recognition of specific DNA sites and initiation of mediator complex formation. Biochemical assays indicated that DR1088 exhibits multiple characteristics that are similar to those associated with RecO, another recombination mediator in RecFOR pathway, including ssDNA/dsDNA binding activity (Fig. 3 ) (Luisi-DeLuca and Kolodner, 1994; Luisi-DeLuca, 1995) , SSB binding and replacement ability (Fig. 5) (Inoue et al., 2008; Inoue et al., 2011; Ryzhikov and Korolev, 2012) , and ssDNA (with or without SSB-coating) annealing activity (Fig. 4) (Kantake et al., 2002; Inoue et al., 2011; Ryzhikov et al., 2011) . RecO directly binds SSB and RecR and RecO-RecR complex could interact with RecF. While DR1088 directly interacts with both DRRecF and DRSSB but not DRRecR (Supporting Information Fig. S2 ). Previous studies by our group showed that the DRRecO-DRSSB interaction has a moderate effect on the efficiency of the RecFOR repair pathway in D. radiodurans. This observation suggests alternative back-up recombination mediators might exist in this species (Cheng et al., 2014) . The direct interaction between DRRecF and DR1088 or DR1088 and DRSSB, together with other RecO-like biochemical features, suggested DR1088 might be a potential recombination mediator.
Most ssDNA annealing proteins, such as Rad52 (Gutsche et al., 2008) , ICP8 (Tolun et al., 2013) , RecT (Thresher et al., 1995) , Redb (Erler et al., 2009) , ERF (Poteete et al., 1983) and Sak (Ploquin et al., 2008) form similar helical super-structures and function in an analogous fashion despite limited sequence and secondary structure conservation. The D. radiodurans DNA damage response A protein (DdrA), which shares a similar motif with Rad52 (Iyer et al., 2002; Harris et al., 2004) , forms a heptameric ring in a similar manner to Rad52 (Gutsche et al., 2008) . However, it remains to be elucidated whether or not DrdA possesses ssDNA annealing activity. The DNA damage response B protein (DdrB) from D. radiodurans forms a pentameric ring and exhibits ssDNA-annealing activity (Sugiman-Marangos and Junop, 2010; Xu et al., 2010; Sugiman-Marangos et al., 2013 . Despite lacking sequence or structural similarity with Rad52, the annealing mechanism pertaining to DdrB is similar to that of Rad52 (Shinohara et al., 1998; Singleton et al., 2002; Sugiman-Marangos et al., 2016) . RecO is a common recombination mediator in bacteria and is regarded as a functional homologue of Rad52. Despite the fact that RecO is a stable monomer (Makharashvili et al., 2004; Leiros et al., 2005; Gupta et al., 2013) , it exhibits strong ssDNA annealing activity (similarly to Rad52) (Ryzhikov et al., 2011) . However, the mechanisms that underpin RecOmediated annealing remain to be elucidated. DR1088, like RecO, is a monomer in solution (Fig. 1B) and might share novel annealing mechanisms with RecO. A DRSSB mutant lacking SSB-Ct was shown to inhibit DR1088-mediated DNA annealing (Fig. 4B ). This result is in accordance with the observation that DRSSB᭝C inhibits DRRecO-mediated DNA annealing activity (Ryzhikov et al., 2011). However, SSB-Ct is necessary for DR1088-DRSSB interaction (Fig. 5) but not DRRecO-DRSSB interaction (Ryzhikov et al., 2011) .
D. radiodurans is a bacterial species with an extraordinary tolerance toward high doses of radiation. This species has been shown to contain various exclusive novel proteins that contribute to its extreme radioresistance . The presence of DR1088 in D. radiodurans is likely to be significant from an evolutionary perspective. Interestingly, DR1088 appears to be essential for cell viability. Although complete knock-out strains have been generated Characteristic insights into a novel RecF-interacting protein, DR1088 523 for other RecFOR pathway members, including RecF, RecO, RecR, RecJ and RecQ, a complete dr1088 deletion strain using the same strategy has never been obtained. The DrecF, DrecO, DrecR and DrecJ mutants, though viable, showed greatly impaired growth defects (Bentchikou et al., 2010) . The heterozygous dr1088 strain also exhibited growth defects (data not shown). We do not know whether this growth defect is mediated by the same mechanisms that underlie growth defects in those DNA repair protein deletion strains. Interestingly, several Clostridia species harbor a dr1088 homologue beside recF and other DNA replication genes, such as dnaA, dnaN and gyrB, in the same operon (Fig. 1) . Therefore, it is worth determining whether DR1088 activity correlates with activities associated with these other replication proteins. Moreover, it has been reported that SSB is involved in numerous DNA metabolism activities, including replication, repair, recombination and replication restart and SSB binding could function in multiple metabolism processes (Shereda et al., 2008) . In this study, DR1088 was identified as a novel SSB-interacting protein. Whether DR1088 participates in multifarious reactions such as DNA replication and DNA damage repair remains to be elucidated. It was previously proposed that a single strand annealing (SSA) mechanism might be involved in the rescue of stalled replication forks in D. radiodurans strains that are devoid of the RecA protein (Ithurbide et al., 2015) . Therefore, it would be interesting to determine if DR1088 can stimulate ssDNA annealing and participate in this process as well.
Experimental procedures

Strains, media and transformations
All bacterial strains and plasmids used in this study are listed in Supporting Information Table S1 . All of the primers and oligonucleotides that were used are listed in Supporting Information Table S2 . E. coli and D. radiodurans strains were cultured and transformed as previously described (Cheng et al., 2015b) .
Strains and plasmid construction
Knockout of dr1088 was carried out using an overlap extension method as previously described . The upstream and downstream fragments of dr1088 were amplified by PCR with primer P1 (5 0 -CGGAAGACAGC GAACTGGT-3 0 ) and P2 (5 0 -ATGACGCGTCTGCAGAAGC TTTCACTTGCCCTTGCCGAGCGT-3 0 ), and P3 (5 0 -CGAT GAGTTTTTCTAGGATCCCGACGTGCTCGCCCTGGAAT-3 0 ) and P4 (5 0 -GCCACCTGTTTGAGCCGGTAA-3 0 ) respectively. T he resultant fragments were spliced to the 5 0 and 3 0 ends of a kanamycin resistance cassette (kan r ), which was amplified by overlap extension with primer Kan-F (5 0 -ACGCT CGGCAAGGGCAAGTGAAAGCTTCTGCAGACGCGTCAT-3 0 ) and Kan-R (5 0 -ATTCCAGGGCGAGCACGTCGGGATCCT AGAAAAACTCATCG-3 0 ). The resultant fragments were transformed into the wild type D. radiodurans strain, R1. The mutant strain (᭝dr1088) was screened using TGY plates containing kanamycin (10 lg/ml). Mutants were analyzed by PCR with primers P5 (5 0 -CGCTTTACTCCAGTGGCAGATG-3 0 )/P6 (5 0 -CC GAGCTTGAGGCACAGATACA-3 0 ), P7 (5 0 -GGTGGGGCCC GAGATTGC)/P8 (5 0 -GCCTGCGCTTTCAGGAAAA) and P9 (5 0 -CCCCTTGAGCGTCATAGA)/P10 (5 0 -CACCGAGGCAGTT CCATA) to check if they are homozygote.
For protein expression, dr1088 was inserted into pET28b-HMT (Austin et al., 2009) at the NdeI and BamHI sites to generate an expression vector containing a HMT tag (63 His tag, MBP and TEV protease cleavage site sequences) at the N-terminus. dr1088 was also ligated with the pET28S expression vector to facilitate co-expression of a Strep-tag with a His-tag fusion at the N-terminus of DR1088. A DRRecF expression vector was constructed by ligating the dr1089 gene with the pET28a expression vector. The DRSSB and DRSSB᭝C expression vectors were constructed as previously described (Cheng et al., 2014) . All of the expression vectors were transformed into the expression strain, E. coli Rossetta (DE3).
Yeast two-hybrid assays
Yeast two-hybrid assays were carried out using the Matchmaker TM Gold Yeast Two-Hybrid System User Manual (Clontech, US). The dr1088, drrecF, drrecO, drrecR and drssb genes were cloned into the NdeI and BamHI sites of the pGBKT7 and pGADT7 vectors, and the resultant constructs were termed BD88, BDF, AD88, ADF, BDO, BDR and BDSSB respectively. BD88/ADF, BDF/AD88, AD88/BDSSB, AD88/BDO and AD88/BDR were co-transformed into competent AH109 yeast cells and the transformants were selected on SD/-Leu/-Trp agar plates. Concomitantly, pGBKT7 (BD) and pGADT7 (AD) vectors were also transformed into competent AH109 yeast cells as controls. The interaction was tested on SD/-Ade/-His/-Leu/-Trp agar plates containing 3 mM 3-Aminotriazole (3AT) and 20 lg/ml x-A-Gal.
Protein purification
Transformed E. coli Rossetta (DE3) clones were grown at 378C to an optical density of 0.6-0.8 (at 600 nm) in LB medium containing 50 mg/ml kanamycin. Protein expression was induced at 308C for 5 h by adding isopropyl-b-D-thiogalactopyranoside (IPTG) at a final concentration of 0.4 mM. After harvesting, cells were re-suspended in lysis buffer (20 mM Tris (pH 7.5), 1 M NaCl, 5% (w/v) glycerol, 3 mM b-mercaptoethanol (b-ME) and 10 mM imidazole), lysed by sonication and centrifuged at 15 000 g for 30 min at 48C. For tag-free DR1088 Fig. 5 . DR1088 interacts with SSB and displaces SSB from ssDNA.
A. Native PAGE analysis of the DR1088-DRSSB interaction. DRSSB or DRSSBDC (5 lM) were incubated with DR1088 (5, 10 and 20 lM) in 20 ll final reaction volumes at 308C for 10 min. The samples were then analyzed by 10% PAGE using non-denaturing conditions. B. Pull-down assays for DR1088-DRSSB interaction. A total of 200 ll of HMT-DR1088 (0.5 mM) was incubated with 20 ll of amylose beads at 48C for 1 h and washed three times with buffer W. This mixture was incubated with 400 ll of 0.5 mM DRSSB or DRSSBDC (with lysozyme as control) at 48C for 1 h. The beads were washed several times with buffer W until the lysozyme was completely washed off. Next, the beads were boiled and the bound protein was analyzed by 12% SDS-PAGE. Lane 1: HMT-DR1088; Lane 2: DRSSB 1 lysozyme (input control); Lane 3: DRSSB pulled down by HMT-DR1088; Lane 4: DRSSB᭝C 1 lysozyme (input control); Lane 5: DRSSBDC was not pulled down by HMT-DR1088. C. Pull-down assays to mimic the SSB replacement from ssDNA. A schematic diagram for the procedure is shown here. In brief, 200 pmol 46 nt-long 5-biotinylated ssDNA (O8) was incubated with 25 ll of streptavidin sepharose (Promega) at room temperature for 10 min to generate ssDNA columns. Free ssDNA molecules were removed following treatment with buffer W. The resultant ssDNA-resin was re-suspended and incubated with saturated DRSSB or DRSSBDC (20 lM, with equal amounts of BSA as a control) at 48C for 1 h. The beads were washed three times using buffer W to remove unbound DRSSB or DRSSB᭝C. DR1088 (50 lM) was subsequently added to the beads and incubated at 48C for 1 h. Next, the beads were washed three times with buffer W. Following centrifugation at 1000 3 g for 1 min, the beads were analyzed by 12% SDS-PAGE. Lane 1: DR1088 1 BSA (input control); Lane 2: DRSSB bound on the ssDNA-coated beads; Lane 3: DRSSB was displaced from the ssDNA-coated beads by DR1088; Lane 4: DRSSB᭝C bound on the ssDNA-coated beads; Lane 5: DRSSBDC was not displaced from the ssDNA-coated beads by DR1088; Lanes 6-10 were used to determine whether DRSSB/DRSSB᭝C spontaneously dissociated from ssDNA without the addition of DR1088.
Characteristic insights into a novel RecF-interacting protein, DR1088 525 purification, the supernatant from HMT-DR1088 cells was purified using a HisTrap HP column (GE Healthcare, Fairfield, CT), which was equilibrated with buffer A (20 mM Tris (pH 7.5), 1 M NaCl, 5% (w/v) glycerol and 10 mM imidazole), washed with 30 mM imidazole and finally eluted with 300 mM imidazole. After TEV-tag-removal using TEV protease, the protein was loaded onto the MBP Trap HP column (GE Healthcare) to remove the uncleaved protein. The flowthrough fractions were collected using a Hiprep 26/10 desalting column and loaded onto a Heparin HP column (GE Healthcare) which was pre-equilibrated with buffer B (20 mM Tris (pH 7.5), 200 mM NaCl, 1 mM DL-Dithiothreitol (DTT), 5% (w/v) glycerol). Fractions containing DR1088 protein were eluted using a linear gradient of 100-500 mM NaCl. The protein was finally purified with a Superdex 75 10/300 GL column (GE Healthcare) and buffer C (20 mM Tris (pH 7.5), 200 mM NaCl, 1 mM Ethylene Diamine Tetraacetic Acid (EDTA), 5% (w/v) glycerol and 2 mM DTT). Each fraction was analyzed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). His-Strep-tagged DR1088 was purified in a similar manner to DR1088. DRRecF was induced at 168C for 16 h by adding IPTG at a final concentration of 0.4 mM. DRRecF was lysed in lysis buffer (containing 0.1% Triton-X 100). In brief, His-tagged DRRecF was purified using HisTrap HP (GE Healthcare) and Superdex 75 10/300 GL (GE Healthcare) columns. DRSSB and DRSSB᭝C were expressed using a similar protocol to that used for DR1088 and purified as reported previously (Cheng et al., 2014) . All of the proteins were kept in buffer C with 20% (w/v) glycerol and stored at 2808C.
Electrophoresis mobility shift assay
All of DNA oligonucleotides were purchased from Sangon (Shanghai, China) and are listed in Supporting Information  Table S2 . The 20 nt-long poly(A) ssRNA oligonucleotide was purchased from Takara (Dalian, China). EMSA were performed as previously described (Cheng et al., 2014) . The 20 ll reaction mixtures containing 50 nM 46 nt-long ssDNA (O1 (5 0 -TGATGAAAGCCAATCCACCAAAAAGACCC TGAACGAGAGCCTGGAC-3 0 )) or 46 bp-long dsDNA (generated by annealing O1 and O2 (5 0 -GTCCAGGCTCTCG TTCAGGGTCTTTTTGGTGGATTGGCTTTCATCA-3 0 )) were incubated with various concentrations of DR1088 (0, 0.25, 0.5, 1.0 and 2.0 lM) in binding buffer (80 mM NaCl, 20 mM Tris-HCl, (pH 7.5), 0.1 mg/ml BSA and 1 mM DTT) at 308C for 20 min. Samples were separated by 8% TBE native PAGE. Gels were imaged using fluorescence mode (FAM) on Typhoon FLA 9500 (GE) and bands were analyzed by Image J Software (National Institutes of Health, USA). Other nucleic acid substrates, such as ssRNA (50 nM), puc18 plasmid (25 nM), M13mp18ssDNA (50 nM) and PCR products (1000 bp, 25 nM) were also used for EMSA assays with similar reaction conditions.
DNA-binding efficiency by fluorescence polarization
Fluorescence polarization measurements were carried out according to a previously described protocol (Robbins et al., 2005; Hu et al., 2015) . Various lengths (O5: 20 nt, O6: 32 nt, O1: 46 nt and O7: 58 nt) of FAM-labeled DNA (10 nM) were mixed with increasing amounts of DR1088 or DRSSB (0-2 lM). The mixtures were incubated in binding buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% v/v Glycerol, 0.1% Tween 20 and 0.1 mg/ml BSA) for 30 min at 48C. To determine the dissociation constant, Bmax, Kd, and Hill slope, h, for each protein, titrations of the proteins were carried out until the anisotropy saturated at a maximum value. Fluorescence polarization measurements were performed at 258C on a BioTek (Beijing, China) plate reader. The data from three independent experiments were collected. The constants of the binding model fits to these data were measured using formula
) by GraphPad Prism 5.
DNA annealing assay
M13mp18 ssDNA was purchased from New England BioLabs (USA). The 10 ll reaction systems contained 50 nM O4 (5 0 -GTTATTGCATGAAAGCCCGGCTGGCCTGCAGG TCGACTCTAGAGGATCCCCGGGTAC, this oligonucleotide is partially complementary with M13mp18) containing a fluorescein (FAM) label at the 5 0 end, 42 nM M13mp18, various concentrations of DR1088 (0, 5, 10 and 20 lM) and reaction buffer (50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 0.1 mg/ml BSA and 1 mM DTT). After incubation at 308C for 60 min, the reaction was terminated by further incubation at 308C for 20 min following the addition of 1 ll of 5% SDS and 1 ll of 20 mg/ml proteinase K. The result of the annealing experiment was assessed by electrophoresis on 1.0% agarose gels and subsequent imaging using the fluorescence mode (FAM) on Typhoon FLA 9500 (GE).
Fluorescence intensity assays were performed as previously described (Ryzhikov et al., 2011) . Oligonucleotide O1 (500 nM), which was labeled with fluorescein (FAM) at the 5 0 end, and O3 (500 nM), which contained Dabsyl-labeled complementary sequence at the 3 0 end (Supporting Information Table S2 ), were incubated separately with SSB or SSB᭝C (2 lM) in reaction buffer (50 mM NaCl, 20 mM Tris-HCl, (pH 7.5), 0.1 mg/ml BSA, and 1 mM DTT) at 48C for 30 min. The incubated O1 and O3 oligonucleotides were then mixed together and 2.5 lM DR1088 was immediately added to the mixture. The annealing activity was monitored using a BioTek (Beijing, China) plate reader following quenching of the FAM signal. Fluorescence intensity values were inverted and normalized using the equation: I 5 21 3 (I i -I 0 )/I 0 , I 0 and I i represent the fluorescence intensity values at the initial time point and the specific time point respectively. This assay was repeated three times. Annealing curves were generated by GraphPad Prism 5.0.
Native-PAGE assay
A native PAGE assay was performed as previously described (Inoue et al., 2011; Cheng et al., 2014) but with some modifications. DRSSB or DRSSB᭝C (5 lM) were incubated at 308C for 10 min with DR1088 (5, 10 and 20 lM) in 20 ll reaction final reaction volumes containing reaction buffer (50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA and 1 mM DTT). The samples were then analyzed by 10% PAGE using non-denaturing conditions. The gels were visualized by Coomassie brilliant blue R250 staining.
Pull-down assay
Pull-down assays to assess the DRRecF-DR1088 interaction were performed as previously described with some modifications (Cheng et al., 2015a) . A total of 200 ll of HisStrep1088 (0.5 mM) was incubated with 20 ll of streptavidin beads at 48C for 1 h. The mixture was washed three times with wash buffer W (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM DTT and 0.15% Tween 20). This was followed by incubation with 400 ll of 0.5 mM His-RecF (with BSA as control) at 48C for 1 h. The beads were subsequently washed several times with buffer W until the BSA was completely washed away. Finally, the beads were boiled and the bound protein was analyzed by 12% SDS-PAGE.
Pull-down assays to assess DRSSB-DR1088 interaction were carried out according previously described procedures (Cheng et al., 2014) . A total of 200 ll of HMT-DR1088 (0.5 mM) was incubated with 20 ll of amylose beads (GE) at 48C for 1 h. This mixture was washed three times with buffer W and incubated with 400 ll of 0.5 mM DRSSB or DRSSB᭝C (with lysozyme as control) at 48C for 1 h. The beads were subsequently washed several times with buffer W until the lysozyme was completely washed away. Finally, the beads were boiled and the bound protein was analyzed by 12% SDS-PAGE.
Pull-down assays for the SSB replacement experiment were conducted as previously described (Xu et al., 2010) . In brief, 200 pmol 46 nt-long 5-biotinylated ssDNA (O8, 5 0 -TGATGAAAGCCAATCCACCAAAAAGACCCTGAACGAG AGCCTGGAC-3 0 ) was incubated with 25 ll of streptavidin sepharose (Promega) at room temperature for 10 min to generate ssDNA columns. Free ssDNA molecules were removed following treatment with buffer W. The resultant ssDNA-resin was resuspended and incubated with saturated DRSSB or DRSSB᭝C (20 lM, with equal amount of BSA as control) at 48C for 1 h. To remove unbound DRSSB or DRSSB᭝C, the beads were washed three times with 500 ll of buffer W. Next, 50 lM DR1088 was added to the beads and incubated at 48C for 1 h. The beads were subsequently washed three times with buffer W. Following centrifugation at 1000 3 g for 1 min, the beads were analyzed by 12% SDS-PAGE. An experimental control without DR1088 was utilized to ensure DRSSB did not spontaneously dissociate from ssDNA after several washes.
